Magnon systems used in quantum devices require low damping if coherence is to be maintained. The ferrimagnetic electrical insulator yttrium iron garnet (YIG) has low magnon damping at room temperature and is a strong candidate to host microwave magnon excitations in future quantum devices. Monocrystalline YIG films are typically grown on gadolinium gallium garnet (GGG) substrates. In this work, comparative experiments made on YIG waveguides with and without GGG substrates indicate that the material plays a significant role in increasing the damping at low temperatures. Measurements reveal that damping due to temperature-peak processes is dominant above 1 K and that damping due to the two-level fluctuators (TLFs) is present below 1 K. Upon saturating TLFs in the substrate-free YIG at 20 mK, linewidths of ∼ 1.4 MHz are achievable: lower than those measured at room temperature. These results provide a key perspective on the potential of implementing solid-state quantum technologies based on YIG films.
Microwave magnonic systems have been subject to extensive experimental studies for decades. This work is motivated not only by an interest in their rich basic physics, but also by their potential application as information carriers in beyond-CMOS electronics [1, 2] . Recently, enthusiasm has grown for the study of magnon dynamics at millikelvin (mK) temperatures, the temperature regime in which solid-state microwave quantum systems operate [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This work offers the possibility to explore the dynamics of microwave magnons in the quantum regime and to study novel quantum devices with magnonic components [13] [14] [15] .
Arguably the most important material in the context of room-temperature experimental magnon dynamics is the ferrimagnetic insulator yttrium iron garnet (Y 3 Fe 5 O 12 , YIG). Pure monocrystalline YIG has the lowest magnon damping of any known material at room temperature [16] and is produced in the form of bulk crystals and films. Films suitable for use as waveguides in conjunction with micron-scale antennas are grown by liquid-phase epitaxy to a thickness of between 1 and 10 µm on gadolinium gallium garnet (Gd 3 Ga 5 O 12 , GGG) substrates. The use of GGG is motivated by the need for tight lattice matching to assure a high crystal quality. In the context of quantum measurements and information processing, YIG waveguide-based systems hold noteworthy promise, however, if they are to be practical, they must be shown to exhibit the same (or better) dissipative properties at mK temperatures as they do at room temperature.
Magnon linewidths in YIG at mK temperatures have thus far only been characterised in bulk YIG resonators (specifically, spheres) [4, 6, 7, 10, 17] . Bulk YIG has been shown to retain its low magnon damping at mK temperatures. However, in the case of YIG films grown * sandoko.kosen@physics.ox.ac.uk on GGG, the story is more complex. GGG is a geometrically frustrated magnetic system [18] and it has long been known that at temperatures below 70 K, it exhibits paramagnetic behaviour that has been reported to increase damping in films grown on its surface [19] [20] [21] . The behaviour of GGG at mK temperatures is yet to be thoroughly characterised [22] [23] [24] , but recent results at mK temperatures have suggested that magnon damping in YIG films grown on GGG is higher than expected if the properties of the YIG system alone are considered [9, 11, 25] . In this work we report a comparative set of experiments on YIG films with and without GGG and move toward a more complete understanding of the damping mechanisms involved.
We present data from the measurement of two epitaxial YIG samples: a 11 µm-thick film grown on a GGG substrate and a substrate-free 30 µm-thick film [21] .
We measure the damping in both films using the microstrip-based technique illustrated in fig. 1 [26] magnon linewidth (∆f ) is given by the full-width at half maximum (FWHM) of the Lorentzian fit to the transmitted signal. In our low-temperature experiments, the sample is mounted on the mixing-chamber plate of a dilution refrigerator in an arrangement similar to that used in Ref. [11] . The measurement frequency range is between 3.5 GHz and 7 GHz. The low-frequency limit is imposed by the limited bandwidth of the circulators used for our low-temperature measurement setup and the top of the measurement band is determined by the maximum external field that can be applied by our magnet. The measured damping comprises contributions from the sample and from radiation damping caused by its interaction with the microstrip. In our experiments, radiation damping originates from eddy currents excited in the microstrip by the magnetic field of the magnons [27, 28] and can be decreased by increasing the separation between the sample and the microstrip (d) at the expense of reducing the measured absorption signal strength (A). There is therefore a tradeoff to be made between being able to measure linewidths very close to the intrinsic linewidth of the sample (thick spacer, negligible radiation damping) and being able to achieve sufficient signal-tonoise (SNR) ratio (thin spacer, non-negligible radiation damping). Table I lists the microstrip-sample spacings (d) in our experiments. Since earlier experiments suggested that the YIG/GGG linewidth would be higher at low temperature, the YIG/GGG sample is closer to the microstrip to maintain sufficient SNR.
Within the YIG film itself, the primary contributions Pc=-100 dBm ∆f•,1c = (2.6 ± 0.6) MHz ∆f•,2c = (2.0 ± 0.1) MHz to magnon damping are: intrinsic processes [29, 30] , temperature-peak processes [31, 32] , two-level fluctuator (TLF) processes [4] and two-magnon processes [31, 32] . Intrinsic processes are due to interactions with optical phonons and magnons; they are expected to decrease with reducing temperature. Temperature-peak processes originating from interactions with rare-earth impurities are only significant at low temperature (above 1 K). TLF processes are due to impurities that behave as two-level systems; they are dominant below 1 K. Two-magnon processes have their origins in inhomogeneities in the material; in our experiments, they are minimized by magnetising the sample out of plane [33, 34] . Figure 2 compares the magnon linewidth (∆f ) of each sample at 300 K (room temperature) and at 20 mK as a function of the ferromagnetic resonance frequency (f • ). Results at 300 K are obtained by sweeping the input microwave frequency under constant B-field. Results at 20 mK are obtained by sweeping the B-field at constant input microwave frequency. In the latter case, the linewidths are measured in terms of magnetic field (∆B) and converted to units of frequency (∆f ) via the relation ∆f = γ∆B/2π, where γ is the gyromagnetic ratio. A linear fit to ∆f = 2αf • + ∆f • gives the characteristic Gilbert damping constant α (unitless) and the inhomogeneous broadening contribution ∆f • . Table I summarises the results of linear fits to data in fig. 2 .
We first compare the results at 300 K and 20 mK obtained at relatively high input drive level (P b = −65 dBm). The substrate-free YIG shows a measured linewidth decreasing from the room temperature value to approximately 1.4 MHz at 20 mK. The reduction in damping is as anticipated by existing models that describe the intrinsic damping of YIG [29] [30] [31] . The radiation damping contribution to the linewidth for the substrate-free YIG is small due to the large spacing from the microstrip (d = 540 µm).
The YIG/GGG sample is substantially closer (d = 70 µm) to the microstrip and its measured α therefore includes a non-negligible radiation damping contribution α r . In our raw data, uncorrected for this effect, we measure a damping constant at 20 mK (α 1b ) that is 3.4 times larger than the room temperature value (α 1a ). Following Ref. [27] , the radiation damping can be modelled with an equivalent Gilbert damping constant α r = C g M s , where C g depends on the geometry of the system and M s is the saturation magnetisation of the sample. As both 300 K and 20 mK measurements are performed with identical sample geometry, it is reasonable to expect that the change in α r as the temperature is lowered is due to the change in M s . Therefore, the increase in α r between 20 mK and 300 K is determined by the ratio of the saturation magnetisation, i.e. M s (20 mK)/M s (300 K) ≈ 1.4 [35] . The fact that we see a significantly larger damping increase (α 1b /α 1a ≈ 3.4) in the YIG/GGG and a decrease (α 2b /α 2a ≈ 0.26) in the substrate-free YIG indicates that the GGG plays an important role in increasing the magnon linewidth of the YIG/GGG sample at 20 mK.
The parameters α and ∆f • in both samples increase as the input drive level (P c ) reduces as shown in Table I . This behaviour can be explained by the TLF model upon which we shall elaborate later. Figure 3 shows the temperature dependence of the magnon linewidths for both samples measured at low input power (P c = −100 dBm). For the YIG/GGG results in fig. 3 , the radiation damping contribution (α r = C g M s [27] ) across the examined temperature range can be considered to be an approximately constant vertical shift to each dataset. This is due to the small change (less than 0.03%) in M s of YIG between 20 mK and 9 K [35] .
Above 1 K, linewidths of both samples increase as the temperature is increased up to 9 K. In this temperature range, damping is dominated by temperature-peak processes caused by the presence of rare-earth impurities in the YIG [21, 31, [36] [37] [38] . When temperature-peak processes are dominant, the linewidth of the sample peaks at a characteristic temperature (T ch ) determined by the damping mechanism and the type of impurity.
Temperature-peak processes at low temperatures fall into two categories [31, 32] : those associated with (1) rapidly relaxing impurities, and (2) slowly relaxing impurities. Rapidly relaxing impurities produce a Gilbert-like damping and a characteristic temperature T ch that is independent of the magnon resonance frequency f • . Slowly relaxing impurities produce a non-Gilbert-like damping and a corresponding characteristic temperature that decreases as the resonance frequency f • is lowered. The behaviour observed in fig. 3 at 9 K, with the linewidth for the f • = 4 GHz being higher than that at f • = 7 GHz, indicates that impurities of slowly relaxing type dominate in this temperature range. As the temperature is decreased below 1 K, linewidths for the substrate-free YIG start to increase and eventually saturate as shown in fig. 3 . This can be explained by the presence of two-level fluctuators (TLFs) and has been previously observed in a bulk YIG [4] . In the TLF model, the impurities are modelled as an ensemble of two-level systems with a broad frequency spectrum [39, 40] . The linewidth contribution can be expressed as
where C TLF is a factor that depends on the TLF and the host material properties. The power-dependent term can be rewritten as P/P sat = Ω 2 r τ 1 τ 2 , where Ω r is the TLF Rabi frequency, τ 1 and τ 2 are respectively the TLF longitudinal and transverse relaxation times [41] .
At high temperatures (k B T hf TLF ), thermal phonons saturate the TLFs and therefore the material behaves as if the TLFs were not present. At low temperatures (k B T hf TLF ) and low drive levels (P P sat ), most of the TLFs are unexcited. Under these conditions, the TLFs increase the damping of the material by absorbing and re-emitting magnons or microwaves at rates set by their lifetimes, coupling strength, and density. When the drive level is increased past a certain threshold (P P sat ), the TLFs are once again saturated and therefore do not contribute to the damping.
Evidence for the presence of the TLFs is shown in figs. 2 and 4. The datasets for 20 mK in fig. 2 show that the linewidths for both samples are lower when the drive level is higher (P b vs P c ). Figure 4(a) shows a similar behaviour in the substrate-free YIG. Above 1 K, linewidths for both drive levels are similar: an indication that the relevant TLFs are saturated by thermal phonons. The differences in linewidths for the two drive levels begin to appear as the temperature is lowered below 1 K. Figure 4 (b) shows the linewidths of the substrate-free YIG as a function of drive level (P ) at three different temperatures (1 K, 300 mK, and 20 mK). At 1 K, there is no observable power dependence as the relevant TLFs have been saturated by the thermal phonons. At 20 mK and 300 mK, the linewidth increases as the power decreases, saturating at mK temperatures. This is in agreement with the theory previously articulated and the fits shown by dashed lines in fig. 4(b) . The data are fitted using eq. (1) with an additional y-intercept to account for non-TLF linewidth contributions.
For the f • = 7 GHz dataset in fig. 4 (b), P sat at 300 mK is clearly larger than at 20 mK. This is in-line with expectations: τ 1 and τ 2 are anticipated to decrease as the temperature is increased, leading to a higher P sat (recall that P sat ∝ 1/τ 1 τ 2 ) [41] [42] [43] . The exact temperature dependence of 1/τ 1 τ 2 is not clear; in previous experiments, a phenomenological model was suggested with the quantity 1/τ 1 τ 2 varying from T 2 to T 4 [42] . This places the ratio P sat (300 mK)/P sat (20 mK) in the range of 23.5 dB to 47 dB. The fitted P sat values from our data correspond to a ratio of approximately 22.5 dB, suggestive of a T 2 behaviour.
It should be noted that the f • = 4 GHz, T = 300 mK dataset shows a very weak TLF effect since there are sufficient thermal phonons to saturate the TLFs with central frequencies around 4 GHz; this is not the case for higher frequency datasets taken at the same temperature. A higher P sat is also observed at 300 mK for f • = 5 GHz and f • = 6 GHz (data not shown). Figure 4 (a) shows that the input power P b = −65 dBm used in our experiments is not enough to saturate the relevant TLFs for temperatures between 100 mK and 1 K. The datasets obtained with high drive level (P b ) in fig. 4(a) show that the linewidth difference δf = |∆f (f • = 7 GHz) − ∆f (f • = 4 GHz)| broadens as the temperature is increased from 100 mK to 300 mK, narrowing back as the temperature reaches 1 K. If a higher drive level is used, δf is expected to be smaller at temperatures between 100 mK and 1 K.
In conclusion, the substrate GGG on which typical YIG films are grown significantly increases the magnon linewidth at mK temperatures. However, if the substrate is removed, it is possible to obtain YIG linewidths at mK temperatures that are lower than the room-temperature values. Measured linewidths of both YIG/GGG and substrate-free YIG systems above 1 K are consistent with the temperature-peak processes typically observed in YIG containing rare earth impurities. Damping due to the presence of unsaturated two-level fluctuators is observed in both YIG/GGG and substrate-free YIG films below 1 K. We observe the TLF saturation power to be higher at higher temperatures in agreement with the existing literature. We further verify that using high drive level reduces the linewidths of the substrate-free YIG films down to ∼ 1.4 MHz (f • = 3.5 GHz to 7.0 GHz) at 20 mK.
Looking forward, our measurements suggest that-in the context of the development of magnonic quantum information or measurement systems-it may be worthwhile to investigate the possibility of growing YIG films on substrates other than GGG, or techniques which circumvent the use of a substrate entirely [44] . Further understanding of the source of TLF damping in YIG would be useful in obtaining high-quality YIG magnonic devices that operate in the quantum regime.
Note added -A pre-print by Pfirrmann et al. [17] recently reported experiments concerning the effect of two-level fluctuators on the linewidth of bulk YIG. This work helpfully complements our investigations into the behaviour of YIG films. [2] A. V. Chumak, A. A. Serga, and B. Hillebrands, Jour-
